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Cambridge, Massachusetts 
1 June 1946 


Professor George W. Swett 
secretary of the Faculty 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 
Dear Sir: 
A thesis entitled "An Investigation of the Effect of 
Direet Water Injection on Detonation" is herewith submitted 
in partial fulfillment of the requirements for the degree 


of Master of Science in Aeronautical Engineering. 
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AN INVESTIGATION OF THE EFFECT OF 
DIRSCT SATER INJECTION ON DETONATION 


SUMMARY 


fhe purpose of this projeet was to investigete the ef- 
fects of direct water injection om detonation. The following 
eonclusions were reached: 
1. The addition of water at a constant fuel~air ratio 
permits the attainment of higher indicated mean effeet~ 
ive presaures without detonation. This effect is more 
pronounced for low fuel-air ratios than for high fuel- 
air ratios. 
ao At a fixed water-fuel ratio, the fuel~air ratio at 
which the maximum detonation free indicated mean effeet- 
ive pressure occurs increases as compression ratio 
decreases, 
3. At @ constant isfe, detonation free imer inereases 
with water-fuel ratio, At fuel-ailr ratios below ,09, 
isle imnereases very rapidly with increase in imerp while 
at fuel-air ratios above .09, isle decreases wviightly 
with imep increase. 
he Increasing water-fuel ratio at low (cruisinw) fuel- 
air ratios results in a deerease in isfce, mit at the 
expense of a prohibitive increase in islc. 
5. Fuel is considerably more effective than water as on 
anti-detonanut «ft low (erudBing) fwel-air ratios. 
6. At hieh (tete-oft) fyel-air ratios, water is effeet- 


ive as om enti-‘etonent, while the ute of additional 
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Summery (cont'd) 


fuel for this purpose actually results in a decrease 

of imep. 

7s Indicated thermal efficiency is not affeoted by the 
addition of water, 

8. Water injection permits the use of higher compres- 
Bion retios by increasing detonation free imep to take-~ 
off values. This permits the designer to take advantage 
of the greatly improved fuel economy in the cruising 
range resulting from the use of high compression ratiog. 
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AN INVESTIGATION OF THE EFFECT OF 
DIRECT WATER INJECTION OW DETONATION 


INTRODUCTION 


It is an established fact thet, for eae fixed inlet 
pressure and temperature, increase of compression ratio of 
an engine increases power output slightly but produces a 
decided improvement in fuel economy. Therefore, designers 
of internal combustion engines would desire to use high 
compression for the purpose of obtaining fuel economy. But 
increase of compression ratio is limited because of detona- 
tion at high powers. Thus, the attempt to improve fuel 
economy by increasing compression may render an engine un- 
suitable for use because of the reduction of power for take- 
off and full load. 

The limitations of increased compression ratio on take- 
off and full load are now being improved by the addition of 
water to the fuel-air mixture. During the past war, the 
method of spraying water into the inlet manifold was used 
with considerable success. According to some reports, the 
power for take-off was increased by 15% te 30%. A second 
method of adding water to the fuel~-air mixture would be by 
direct injection of water into the cylinder. Thia second 
method has had very little investigation and no practical 
use at the present date. It is the object of this project 
to investigate the effect on detonation of direct water in- 


jeetion into the cylinder. 
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The project wee conducted et the Sloan Laboratory, 
Massachusetts Institute of Jechnology, Cambridge, Massa- 
chusetts, ty Comir. P. I. Geibels, Jr., UN, Coméir. 7, 
Washington, Jr., UM", and Lt. Comer. 7. ®. Weclechlan, USE. 
Mr. ©. a. Leary of the W.I.%. start was supervisor. 


FQUITMENT 


The test equipment included a variable-compression, 
one~cylinder Coordinating Fuel Researct. Engine éGelivering 
power to a cynemometer. Fuel vraporizsetion was accomplished 
by sprayinug fuel into a heated vaporizing tenk. An injee- 
tion pump and an injeetion nozzle were used to Bpray water 
Girectly into the cylinder, Figs. i, 2, 3, amé & are photo- 
graphs of the arrangement of equipment. Fig. 5 is e bleeck 
diagrem of the instellation eeto-up. 

Tae engine of this project was a standard verlable- 
compression, one-cylinder OFR Bmgine. Thie emgine had a 
3.25 in. bore, s 4.5 im. stroke end a 37.33 on. im. displece- 
mont. Compression sculd be set at any desirec compression 
ratio between 4 and 10. This standaré CFR Snugine ie fully 
described in Buf. i, 

The cynamometer Wis a 5 EF motor-gernerator #et aanu- 
factared by the Ster Nlectrie Motor Company. It wie Geed ce 
& motor to turn over the UFR Engine for aterting or ecoborinug, 
ani #2 © gunerator to absorb the power delivered w thet on- 
gine. 
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The gasoline used in this experiment was standard 80 
octane unleaded aviation gasoline. This gasoline was taken 
from the mains of the Sloan Laboratory and passed through a 
fuel rotemeter to the fuel pump. A Bosch injection pump 
driven vy a small electric motor foreed the gasoline at high 
pressure through ean injection nozzle into e heated vaporis- 
ing tank. A vernier adjustment on the Bosch pump allowed 
accurate control of fuel flow. 

Air to the vaporizing tank could be taken either from 
the test room at atmospheric pressure, or from the labora- 
tory high pressure main. A Nash Hytor L-5 Compressor driven 
by a Sprague Electrical Dynamometer supplied the high pres- 
sure air. The alr was metered through a calibrated orifice 
and drawn into the vaporizing tank. 

Distilled water was used for injection into the cylinder, 
This distilled water was stored in 2a one gallon glass jug. 
From the jug the water flowed by gravity to a constant level 
float chamber and thence through ea water rotometer to the 
water pump, The water pump was an engine driven Bosch in- 
jeetion pump equipped with a vernier adjustment for elose 
control of flow. The pump forced water eat high pressures 
through a Bendix KC 50S1 injection nozzle (Fig. 6) into the 
eylinder at a point opposite the spark plug. 

Detonation was detected by a detonation pickup and 


Osciiiograph, The pickup was one of the pressure type, being 


B? Cisdae wer teeleeres O14! a! foe ech Wity wa? 
© epee bested Kee COT eh aded seat Vw So anges Of" eott 
may PeSepal Gece A peeeg el val of tefemsor Ie0d 
@al6 Je autloeey O6t kemict aedpe byte hy Gasw * ot sets 
~elsouqer badass © ofel »Lawor notin Lal oe Se Pier ty 
eee ee ee ee ee 
TOK fark te Dewpee eteteees | 

vib ne Aone fem? smAnstomer ams OF 21K 
TO enuaneye NIyeimomtE Z2 ovon ens 308 


- Ee<wu aed > ie ste sR the 
Mallagne serves Lata maT 8 Y 
. i oC Hrerene nee nie eer Tie etty 


ABS gAdANne sar wha rt Be 


PO a adhe 

























ene Le oe ee 
2 36 pe wee Sete OO Pee 
<> ee Cay ete oct “mem sara 








: , eek 4 site MeyezDm qasy soltnet 
pe Sa salah Geert woe om eani’, Yo Lowruwe 








sensitive to the rate of change of pressure (ap/dt). The 
oscillograph was a Dumont 208 Cathode- Ray Oscillograph, 

Other apparatus used in preparation for this experi- 
ment included balance scales, MIT Pressure~Crenk Machine, 
and MIT Transfer Mechine which transferred pressure-crank 
readings to presaure volume. The latter two machines are 
described im Appendix II of Ref. 2 and Appendix B ef Ref, 

3, respectively, 

The water injection equipment of this experiment leaves 
mach to be desired, Tre time of the start of injection can 
be accurately controlled. But, unfortunately, the length of 
time of injection varies with the emount of water injected, 
Detonation takes place somewhere near to the same erank angle 
forall powers and fuel~air ratios. It would be desirable te 
have the angle of injection time remain constant no matter 
what the rate of water fiow, and to so adjust the time of in- 
jection az to best suppress detonation, With the present 
apparatus, some of the benefit is lost because the time of 
mid-point of injection varies with water flow. Optimum utili- 
zation of water cannot be realized because at low and moderate 
flew rates, some of it may be injected too early for best 
detonation suppression, while at high flow rates, part of the 


water is injected too late to be effective, 
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PRELIMINARY PROCEDURE 


It was necessary, prior to the commencement of this 
investigation, to devote considerable time and iabor to 
the arrangement of the test apparatus shown in Figs, 1 
through kL, The purpese was two-fold: first, to eliminate 
or to reduce as far as possible the effects of those veri- 
ables not pertinent to this investigation; and second, to 
permit accurate control of all essential variables. 

As further preliminaries it was necessary to cali- 
brate both the fuel and water rotometers, the water injec-~ 
tion apparatus, and to calibrate the éynemometer mercury 
manometer in terms of indicated mean effective pressure, 

As a final preliminary to this investigation, the water in- 
jection apparatus was timed to insure start of injection at 
the desired crank angle, 

Calibration curves of the fuel and water rotometers 
made from the data of Table I appear in Fig, 7. The method 
ef calibration followed in both eases consistet essentially 
of weighing the amount of liquid which passed through the 
rotometer in a measured interval of time, during which the 
rotometer setting was maintained at a constent value, The 
mass flow per second was calculated and plotted against roto- 
meter setting. 

To calibrate the dynamometer mereury manometer, indi- 


eator cards were taken using MIT Pressure Crank Angle Machine, 
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following the procedure cutlined in Ref. 2, simultaneously 
with mercury manometer readings. From the indicator cards, 
indicated mean effective pressure was determined, using 
mIT Transfer Machine to transfer pressure crank values to 
pressure volume values. (Ref. 3). A plot of indicated mean 
effective pressure verses inches of mereury made from data 
of Table II appears in Fig. &. 

The calibration of the water injection avparatus in 
terms of water rotometer reading and duration of water spray 
in degrees of crank angle, x, is shown in Fig. 9. The 
start of the spray was set to oecur at top center by means 
of an adjustable coupling on the water vump drive shaft and 
a stroboscope timed to flash at top center. Top center, it- 
self, was determined by the standard CYR Engine calibrated 
brass spark timing ring anmé a flashing neon light. t was 
found as shown in Fig. 9 that varying the water rotometer 
setting varied the duration of injeetion in degrees of crank 
angle, although the start of injection remained fixed at top 
eenter. 

In order to determine the optimum angie at which to 
start injection, the following steps were taken, The com~- 
pression ratic was set at 6.6, and the fuel~-air and water- 
fuel ratios were set arbitrarily at .08 and .8, respectively. 
The crank angle at which injection starts and the mass rate 
ef air flow were then varied until, by trial and error, the 


maximum indicated mean effeetive pressure without detonation 
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was obteined. The optimum angle corresponding to this eondi- 
tion was thus found to be 18° after top center. In all sub- 
sequent tests in which water was utilized, injection was 
started at this point. It is realized that this 18° setting 
probably was not the optimum angle for the entire range of 
fuel<air ratios and compression ratios. This setting was 
selected as a compromise in order to reduce the number of 
variables of the experiment. Since the conditions imposed 
during selection of this 18° angle for start of injection 
were about average, the setting is probably near optimum for 
the vast mejority of the readings of this project. 


PROCEDURE 


The general plan adhered to in this lavestigation ap- 
pears below. The following set of operating cenditions was 
adopted as standard: oil temperature 160°F, oil pressure 
35 pai., inlet temperature 140°F, jacket temperature 212 °F, 
and engine speed 1200 RPM. The compression ratio was set 
at 6.2. Test data were taken for five fuel-air ratios - 
.664 (go0d eruising), .07, -08 (best power), .09 and .10. 
For each fuel-air ratio detonation limited indicated mean 
effective pressure was determined by means of a cathode~ray 
oscillograph for water-fuel ratios of from 0 to over 1,0. 
Curves of detonation limited indicated mean effective pres- 
sure at various fuel-air ratios are plotted in Fig. 10 from 


the date of Table IIil. 
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The procedure described above was repeated for compres- 
sion ratios of 6.6, 7+0, and 7.4. The resulting data ob- 
tained appear in Tables IV through V1. The corresponding 
euryves are drawn in Figs. 11 through 13, 

A warning up peried was required aa ae daily preliminary 
te the making of record runs. The CPR Engine required ap- 
proximately ome heur before steady operating conditions were 
obtained with respect to oil pressure and tempereture, jacket 
temperature, inlet pressure, and particularly inlet tempera~ 
ture. To reduce the delay involved in warming up, 011 tem- 
perature could be raised by means of an electric cil heater 
in the crank case and engine jacket temperature by means of 
@ steam bleed. During the warm-up and actual runs, inlet 
temperature was regulated by varying the amount of steam ad- 
mitted to the jacket surrounding the vaporizing tank. 

When steady operating conditions wers obtained and with 
the compression ratio set at 6.2, a fuele-air ratio of .064 
(without water) was set by simultaneously varying the mass 
rates of flow of both air and fuel until, by trial and errer, 
the desired fuel-air ratio wes obtained just as ineipient 
detonation oceurred. In this way, the detomation limited in- 
Gieated mean effective presaure at a zero water-fuel ratio 
for these conditions was obtained, The mass rate of air flow 
was then increesec., At the same time, the resulting detona~ 
tion was suppressed by the introduction of an exeessive amount 


of water. Mext, the mess rate of fwel flow was increased un- 
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til ea fuel-air ratio of ,064 was again choteined. By reduc- 
ing the amount of water until “ condition of incipient 
detonation again existed, the cetonation limited indicated 
mean effective pressure and the corresponding water~-fuel 
ratio were readily determined, The compression ratio was 
held constant at 6.2, and the above procedure followed for 
fuel-air ratios of .07, .08, .09, and .10. In this manner 
the family of curves shown in Fig. 10 were determined. 

The curves of Figs. 11, i2, ang 13 were determined in 
the same manner from the data of Tables IV, V, amd VI. The 
compression was varied through 6.6, 7.0, and 7.4. In order 
to ebtain more readily comparabie results the same series of 
fuel-air ratios were used in each case. 

A@aitional points at a zero water-fuel rete were ob- 
tained at a compression ratio of 7.4, for fuel~air ratios 
of .075, ,085, .095, and .11 in order to compare the effee- 
tiveness of weter versus fuel as anti-detonants., This data 


is included in Table VI. 
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RESULTS AND DISCUSSION 


The effect of water-fuvel ratio on indicated mean ef~ 
fective pressure at compression ratios of 6.2, 6.6, 7.0, 
and 7.4 is showm in Figs. 10, 11, 12, and 13, respectively. 
To obtain readily comparable results, the following fuel 
air ratios were used throughout: .064, »07, .08, .09, ané 
+10. Im Fig. 14 are shown the reletive effects of fuel ané 
water as detonation suppressors. A cross plot at a con- 
stant indicated mean effective pressure of 115 p.g.i.a., of 
compression ratio versus water-fuel ratio at various fuel- 
air ratios is shown in Fig. 15. 

It may be seen from Fig. 10 that the addition of water 
accomplished at a constant fuel-air ratio, permits the at- 
tainmment of a higher indicated mean effective pressure with- 
out detonation. It may be seen further from Fig. 10 that 
the slopes of the curves became progressively shallower as 
the mixture becomes richer. This means that the effeet of 
water addition is more pronounced at low fuel-air ratios. 
Similar trends are noted for all sompression ratios investi- 
gated. (Figs. 11, 12, and 13). 

At a compression ratio of 7.4 (Fig. 13) for eny given 
water-fuel ratio, the maximum detonation free indicated mean 
effective pressure occure at a fuel~air ratio of .09, As the 
compression ratio is decreased (Figs. 12, 11, an@ 10) the 


maximum indicated mean éffective pressure for a given water- 
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fuel ratic appears to cceur at progressively higher fuel- 
air ratio. Thus, for a compression ratio of 6.2, the 
eptimum detomation free fuel~air ratio appears to be 
slightly greater than .10. This pnrenomenon is censidered 
to be characteristic of this 80-octane unleaded aviation 
gasoline, and would not necessarily recur for another gaso- 
line, 

Superimposed on Fig. 13 are curves of constant indi- 
cated specific fuel consumption (isfe) and indicated 
specific liquid (fwel plus water) consumption (isle), An 
examination of the figure shows that at a constant isfe, 
detonation free imep obtainable increases with water-fuel 
ratio. However, this increase of imep at a constant isfe 
is obtained at the expense of a sonsiderable increase in 
isle, as long ae the fuei-air ratio remains below .09. When 
the fuel-air ratio exceeds ,09, increasing the weter-fuel 
ratio at a constant isfe is accompanied by two effects: 
first, a slight inerease in imep; and second, a siight de- 
erease in isle. Further, at 4a given water-fuel ratio and 
at a fuel-air ratio of .10 or greater, a decrease of fuel~ 
air ratio results in both an increase in detonation free 
imep and a decrease in isle. Translating the above into 
prectical applications, although increasing water fuel for 
&@ given cruise power output results in a lower isfc, the 


inereuse in isle is prohibitive. 
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Continuing in the same vein, Fig. 15 was plotted in 
order to compare the effects of additional water and fuel 
as detonation suppressors, both at a oruising fuel-air 
ratio and at a fuel-air ratio of .09, which was considered 
to be within the take-off range. Fuei was found to be con- 
sigerably more effective than water at the low fuel~air 
ratio. The reverse was true at the high fuel-eir ratio, 
Actually the use of additional fuel as s detonation sup- 
pressor at the high fuel-alir ratio resulted in a decrease 
of imep, while the addition of water permits an increase in 
imep. It is evident that in order to attain high values of 
imep (in this case, 115) water must be used since these 
values cannot be attained with fuel alone. 

By classical theory, the indicated thermal efficiency 
is a funetion both of ecompression ratio and fuel~air ratio. 
For a fixed compression ratio and fuel-air ratio, indicated 
thermal efficiency would be constant if the addition of water 
head no effect. Tables III through VI show that for a given 
fuel-air ratio and compression ratio, the indicated thermal 
efficiency remains constant regardisss of the water~-fuel 
ratio. It is therefore coneluded that indicateé thermal 
efficiency is not affected by the addition of water. 

High compression ratios with their reeulting high ef- 
ficiencies ere desirnble in order to give fuel economy in 
the cruise range, but take-off powers are limited by detona- 


tion of the fuel-air wixture. The advantage of water in- 
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Jeetion is that it permite use of nigh compression ratios, 
while providing sufficient power for teke-off. The curves 
ef Fig. 15 were ¢rawn to iliustrete thie effect. If on 
imep of 115 p.s.t.a,. was required for the take-off, the 
compression ratio would be limited to approximtely 6.7 in 
the absence of water. By using a water-fuel ratio of aebeut 
1.3, the comprension ratio may be inereased to 7.4. Since 
take-eff powers would be used for only a shor? pericd, the 
high water-fuel ratio of 1.3 1s not prohibitive. Slmiler 
trends ere apparent for the remaining fuel-eir retios con- 
siGered. ‘Thus, the airplane designer, vy using the high 
eompression ratios and accepting the high water-fuel retics 
required for take-off, may obtain grestiy improved fuel 
economy ilu the eruising range, 

In conclusion it may be stated that the naercent laecreese 
in imep cbhtainable by using a weater-fuel ratio of about 1.0 
is in the order of 15%. Thus, the method of diPeet weter in- 
jection used in this investigetion comperes favorebdly with 
the method of acding water to the induction syetem. Ned the 
mechanics of direct water injection need herein been eere re- 
fined, this eethod might heve proven its superiority over the 
water-into-inductlon-system sethod. 
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CONCLUSIONS 


As a result of this investigation of the effect on 
detonation of direct weter injection into the oylinder of 
an engine operating om 50 octane unleaded aviation gaso- 
line, the following conclusions were reached: 

1. The addition of water at a constant fuel-air ratio 
permits the attainment of higher indicated mean effec- 
tive pregsures without detonation. This effect is more 
pronounced for low fuel-air ratios than for high fuel- 
air ratios, 

2. At a fixed water-fuel ratie, and for this gasoline, 
the fuel-air ratio at which the maximum detonation free 
indicated mean effective pressure occurs increases as 
compression ratio decreases. 

3. Ata constant isfc, detonation free imep increases 
with water~fuel ratio. At fuel-air ratios below ,.09, 
islo increases very rapidly with increase in imep while 
et fuel-air ratios above ,09, isic decreases slightly 
as imep increases. 

4. Increasing water-fuel ratio at low (eruising) fuel- 
air ratios results in a decrease in isfc, but at the 
expense of a prohibitive increase in isle. 

5, Fuel is considerably more effective than water as 


en anti-detonant at low (cruising) fuel-eir ratios. 
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6. At high (take-off) fuel-eir ratios, water is effective 
a$ an anti-detonant, while the use of additional fuel for 
this purpose actually results in a decrease of imep. 

7+ Indicated thermal efficienoy is not affected by the ad- 
dition of water, 

6. Water injection permits the use of higher compression 
ratios by inereasing detonation free imep to take-off 
values. This permits the designer to take advantage of 
the greatly improved fuel economy in the cruising range 


resulting from the use of high compression ratios. 
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Formulae for Computations 


CFr Engine Data 


Bore - 3,25" Fiston Area 


b3 


Stroke = 4.50" Displacement Volume =< 


rpm = 1200 (constant) 
imep = Area P-V LTiagram y Spring Constant, psia 
? 


re 
THP = imep x Piston Area zy =HTgKe x > 
33000 


ISFC s lb. fuel/hr. = We x 3600 
~ HP 
ISWG = lb, water/hr. = My x 3600 
P . | 


= «0566 





& .296 t* 


37.33 in? 


x imep 


ISLC = lb. Liguid/hr. = 3600 (Mg + hig # ISFC + Is5e¢ 
2b. Liguid/br ae 





n, = ITHP x 2 = Uip 2 


= 2 = THP 
3 x Mp x EB, We x 3600 x 19270 27250 Tp 
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Area P«V Tiegrem 
Spring Constant 


Pray 


isvc 


LSLC 
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Vaits 


Square inchsa 

Frounde per ined 

indleateé mean effective pressure, peia 
Rorsepower 

Fuel flow, pounds per secend 

Water flow, poundn per second 

Indicated Specific Fuel Consumption, Lb/ be 


Indieateé Specific Sater Consumption, Abear 
Indicated Specifie Liguid Consumption, 1 pebe 


Inéleated Thermal Erficlenecy 
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TABLE I 


Galibration of Fuel and Water Rotometers 


Water Rotometer Calibration Gasoline Rotometer Calibration 





3/14/46 fo . 81 3/15/h6 TO « 66 
Roto Wt Time Rote wt Time 
Reecding Gms See lbs/sec Reading Gms Sec lbs/see 
7255 10 72.7 «000303 
8,1 10 64.35 .000348 9.7 20 36.3 .00115 
6.6 10 105.95 .000208 8.95 20 h3.h .001018 
Tel 10 94.3 000234 S45 20 46.7 00094 
17. 20 29.9 »+O001L473 7285 20 50.4 000874 
14.95 20 39.0 .90113 7225 20 55.6 .000789 
12.86 29 53.8 .00082 5.5 20 79.6 .000553 
541 10 229.5 ,.000096 509 20 7149 000613 
15.29 20 34.8 .001268 6.35 20 64.6  .000681 
13.3 20 46.85 .00094 6.8 10 29.6 .000745 
10.1 20 $2.95 .000532 5.15 10 205 900519 
13.8 20 45.255 .000969 3.65 10 66.2 .000332 
11.05 20 70.25 «000625 h.2 10 53.45 .000412 
8.2 10 65.5 .000337 10.4 20 3525 ~OUL2K2 
8.75 10 56.75 0003869 11.05 20 33.15 .001329 
96k 10 47.8 .000461 11545 20 29.6 .,00148 
5.65 10 151.2 .000146 11.8 20 29.55 .001491 
5.8 10 «141.65 .000156 12.05 20 28.75 .001535 
12.3 20 57.7 000764 hod 10 50.35 .000439 
10.65 20 76.1 .900595 647 160 31, 65 + 000696 
9.6 10 56.25 .000392 6.85 10 30,3 000729 
Lik 20 66.2 .0006 §.95 20 21.5 001626 
L261 20 59.4 000741 9.45 20 19.6 .001124 
To7 10 72-75 2060303 829 20 19.3 001022 
6.25 10 120.35 .0G0183 11.4 20 15.75 .OG1L 
13.65 20 45.3 000973 10,65 20 15.95 .00136 
14.5 20 hliek 001064 8.05 z he ,0009 
13.3 20 47.7 000925 9.25 20 20. 65 .001065 
13.8 20 b5.7 4000965 10.3 20 17.8 .001239 
13.65 20 45.6 000966 9.75 20 19.3 .001141 
13.3 20 49.05 .000900 10.1 20 18.3 .0012 
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Calibration of Hydraulic Seale 


TABLE II 


Inches of Mercury vs. IMEP 


16.7 
19.3 
19.8 
26.3 
29.65 


IMEP 
98.0 
107.6 
114.8 
13942 
1496 
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